Timing of herbivory or selection of specific plant tissues (mode of herbivory) by different ungulate herbivore species are likely to have important influences on plant defense strategies. In this study, we devised two different modes of simulated herbivory, representing a selective ungulate feeding strategy (defoliation: leaf tissue removal only) and a bulk feeding strategy (clipping: leaves, twigs and meristems taken together). We applied these contrasting herbivory treatments to juvenile aspen suckers (Populus tremuloides Michx.) regenerating underneath aspen stands in early summer (June), late summer (August) or at both times to determine the effects of herbivory mode, timing and frequency on regenerating aspen. In response to the simulated herbivory treatments, we measured traits related to three plant defense strategies: tolerance (aboveground biomass and stem diameter), resistance (foliar phenolic glycosides) and vertical escape (sucker height and average leader length). There was no evidence that mode, timing or frequency of simulated herbivory induced or repressed phenolic glycoside production. Early summer herbivory was more detrimental than late summer herbivory on aspen tolerance and escape. Repeat herbivory in late summer did not amplify the negative effects of early summer herbivory. Clipping and defoliation tended to have similar effects on tolerance but clipping was more detrimental than defoliation on vertical escape. These results suggest that different ungulate herbivore species may have disparate impacts on the plant communities by selecting different tissues of the same plant, or browsing the plant at different times in the growing season.
Introduction
Herbivory structures plant communities (Augustine and McNaughton 1998) and is a driving force in plant evolution (Nunez-Farfan et al. 2007) . Plant responses to herbivory can alter ecosystem properties (Burkepile and Parker 2017) . However, ecologists are still exploring how the diversity of herbivore species (Charles et al. 2017 , Kafle et al. 2017 ) and the timing Frank 2003, Davis et al. 2014 ) and frequency (Wisdom et al. 2006 ) of herbivory affects plant responses. Plants are often subject to numerous distinct species of herbivores that can cause different types of damage, with different effects on plant defense strategies. For example, native ungulates and livestock may be grazers or browsers, and their different digestive morphologies may alter the ratio of leaves and twigs they consume (Bodmer 1990) . Ungulate communities are currently experiencing shifts in abundance and distribution that are creating novel herbivory regimes across earth's biomes (Spear and Chown 2009) . Characterizing how plant growth and defense strategies respond to changing ungulate herbivory regimes will help us better understand their ecosystem-scale impacts.
Plants have developed a variety of strategies to cope with the effects of herbivory (Agrawal 2011) . Broadly speaking, these adaptations can be classed into three categories: resistance, tolerance and escape (Boege and Marquis 2005 , Lindroth and St Clair 2013 , Norghauer et al. 2014 . Resistance allows plants to actively repel would-be herbivores, tolerance preserves plant fitness despite herbivory and escape enables plants to minimize exposure by growing beyond their herbivore's reach or by altering their phenology. Studies in coevolution have revealed that different plants have developed unique chemical and physical adaptations to defend themselves from specific herbivores. For example, many Poaceae lineages have developed silica-rich tissues in response to large herbivore grazing (Katz 2015) . Plants can also use specific herbivory cues, including insect oral secretions, to signal systemic (Hui et al. 2003) or community-level responses (Kessler and Baldwin 2001 ) that reduce the negative impacts of herbivory. However, plants may be poorly adapted to novel herbivore introductions or changes in native herbivore density (Augustine and Frelich 1998 , Rose et al. 2005 , Bergstrom et al. 2009 , Relva et al. 2010 . The Anthropocene has been marked by substantial global changes in ungulate communities due to introductions of non-native ungulates, land use changes, predator control, hunting pressure and livestock grazing (Spear and Chown 2009, Nuñez et al. 2010) . There is still much to learn about how these changes impact plant defense strategies.
To understand how changes in ungulate communities affect plant defense, we must understand how distinct herbivore species uniquely impact plants. Previous studies have shown that different species of ungulate herbivores have different impacts on plant fitness (Kay and Bartos 2000 , Veblen et al. 2015 , Scasta et al. 2016 . However, most research has focused on differential space use and selection of different forage plant species McNaughton 1998, Du Toit and Cumming 1999) . Fewer studies have investigated whether different ungulates use a single plant species in different ways (but see Hester et al. 2004 , Jones et al. 2009 , Bork et al. 2013 , Rhodes et al. 2018 . Different ungulate species may select different tissues of the same plant or may prefer to consume the plant in different seasons. Optimal defense theory suggests that plants will strongly defend tissues that are consistently at risk of herbivory (Rhoades and Cates 1976 , Rhoades 1979 , Herms and Mattson 1992 , Stamp 2003 . Additionally, herbivory of ephemeral vs persistent tissues may favor the evolution of unique plant defense chemistry (Rhoades and Cates 1976) . Therefore, plants that have evolved with a late-season, leaf-eating herbivore may be maladapted to early-season herbivory of stems or twigs, and vice versa.
Aspen (Populus tremuloides Michx.) forests of western North America provide a good study system to examine the disparate effects of multiple ungulate herbivores on a single plant species. Aspen support a wide variety of herbivores, and are exposed to as many as five different ungulate herbivore species in portions of its range: mule deer (Odocoileus hemionus Rafinesque), elk (Cervus canadensis Erxleben), bison (Bison bison L.), domestic sheep (Ovis aries L.) and cattle (Bos taurus L.). Aspen is a widespread, economically and ecologically important species with well-characterized genetics and defense chemistry that typically regenerates via root suckering. Juvenile aspen suckers exhibit a combination of resistance, tolerance and escape traits to defend against ungulate herbivores (Lindroth and St Clair 2013) . Resistance mechanisms include the production of phenolic glycosides in stem and leaf tissues of aspen that reduce ungulate preference (Wooley et al. 2008 , Villalba et al. 2014 . Herbivory can stimulate the increased production of phenolic glycosides, creating an induced defensive response (Stevens and Lindroth 2005) . Tolerance is typically defined as the ability of a plant to maintain fitness despite herbivore damage (Strauss and Agrawal 1999, Nunez-Farfan et al. 2007 ). Aspen's tolerance mechanisms include the ability to translocate nutrients from overstory trees or belowground tissue through an extensive, clonally integrated root system and to regrow after damage (Stevens et al. 2007) . Key traits that are associated with tolerance include stem diameter, average leader length and biomass. In aspen, growth is a key component of fitness. The ability to maintain growth despite damage indicates a high level of tolerance (Stevens et al. 2007) . Escape mechanisms include the ability to rapidly grow beyond the reach of ungulates (Wang 2003 , Rhodes et al. 2017a , which typically have a vertical reach of~1.5-2.0 m (Bartos et al. 2014 , Wan et al. 2014 .
The ungulate herbivore community in aspen forests has been dramatically altered by European colonization and the attendant land use changes, creating novel herbivory regimes (Fleischner 1994, Laliberte and Ripple 2004) . Each of aspen's ungulate herbivores has a unique dietary niche and digestive morphology, and may consume aspen suckers in different ways. First, ungulates in aspen forests have unique dietary preferences that are shaped by the relative abundance and diversity of food sources, the availability of which can fluctuate throughout the year (Clark et al. 2017) . Herbivore species utilize aspen differently across seasons (Villalba et al. 2014) . Second, differences in oral morphology may lead to differences in plant-tissue selectivity, as each species of animal feeds in a way that maximizes their own rate of energy intake (Searle and Shipley 2008) . For example, ungulates with large mouths and slow digestive rates (i.e., bison, cattle) may take large bites of twigs and leaves, while ungulates with smaller mouths (i.e., deer) may be more selective, taking leaves only (Janis and Ehrhardt 1988) .
Potential differences in herbivory patterns among aspen's ungulate herbivores include the timing, frequency and mode of herbivory, including patterns of tissue removal (leaf or twig consumption). Each factor could affect aspen's regeneration and recruitment success depending on the response of plant defense strategies. The objective of this study is to test how the timing, frequency and mode of simulated ungulate herbivory affect aspen resistance, tolerance and vertical escape.
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Materials and methods

Study site
This study was conducted at Wolf Creek Ranch in the Wasatch Mountains of Utah, USA (40°31′30.91″N 111°15′30.45″W, elevation 2430 m). The ranch is dominated by an aspen parkland-type landscape, with large aspen stands interspersed with open meadows. Root suckering occurs regularly in the understory of the aspen stands, but high levels of deer and elk herbivory prohibit the persistence of aspen suckers on the landscape (Rogers et al. 2015) . However, in 2012, 3 years prior to our experiment, several large (~1.5 ha) ungulate exclosures were established within aspen stands in different areas of Wolf Creek Ranch. The exclosures enabled the protected aspen stands to produce a large cohort of aspen suckers, all of a similar age and size.
Study design
We selected 21 aspen suckers in each of five different exclosures on the ranch. Selection criteria included a height of 100 cm (average was 114.6 cm, SE ± 2.07; range = 80-152 cm), stem diameter at soil level between 8 and 18 mm, and minimal insect or pathogen damage, wilting or stem breakage. Suckers were marked with aluminum tags at their base and GPS waypoints were recorded to facilitate relocation. Every sucker was randomly assigned to one of seven different treatment conditions, each representing a unique combination of mode, timing and frequency of herbivory. The two modes of herbivory were a leaf removal only treatment and a meristem-twig removal (clipping) from the tip of the sucker down. For the timing and frequency treatments, we imposed one of the two mode treatments either during the last week of June (early summer) or the first week of August (late summer), or twice -in both June and August (repeat herbivory). A control group was left untreated, resulting in seven treatment combinations: 2 treatment modes × 3 treatment time schedules + 1 control group. Group assignments and initial treatments were applied in June of 2015. Successive treatments were applied in August 2015, June 2016 and August 2016. Measurements were recorded in September 2016, after two successive growing seasons of treatments were applied.
In the leaf removal treatment, 20 g of leaf tissue was carefully collected by hand plucking individual leaves at the distal end of the petiole. Leaves were removed from the top portion of the sucker. We began by plucking the newest leaves on the distal end of the terminal leader, then worked downwards toward the base of the tree until 20 g of tissue had been removed. In each case, we ensured that the terminal meristems on each branch were left intact. The 20 g of leaf tissue removal represented 25% of the leaf canopy of each sucker (based on visual estimation).
In the meristem removal (clipping) treatment, the upper branches of each sucker were pulled together by grasping the stem of the sucker and sliding the hands upwards. Then, garden shears were used to cut through both twig and leaf tissue to remove the top 20 g of biomass. To ensure that no more than 20 g were removed in a single treatment, we began by first clipping off a small amount of tissue and weighing it with a portable scale. If the amount of tissue removed was less than 20 g, we continued to clip biomass in small increments until the 20 g target was reached. At the beginning of the experiment, 20 g of biomass was~10-20% of total aboveground biomass (based on aboveground biomass measurements of similarly sized suckers in the area).
Both the leaf removal and clipping treatments removed 20 g of biomass. However, the ratio of stem:leaf tissue removed was different. Defoliation treatments only removed leaf tissue, mimicking a highly selective leaf feeding strategy. The clipping treatment removed a combination of leaf, meristem and twig tissues, mimicking a less selective bulk-or roughage-feeding strategy.
Field measurements and leaf tissue collection
In the first week of September of 2016 (prior to the onset of fall senescence) growth measurements were recorded and leaf tissue was collected for chemical analysis. Our initial treatments occurred in June 2015, so these measurements reflected the test subjects' response after herbivory treatments had been applied in two successive growing seasons (summer 2015 and summer 2016). The height and stem diameter at soil level of each sucker was recorded. Height was measured to the tallest point of the sucker, whether this point was a leading branch with an intact apical meristem, the clipped end of the leading branch or a sub-leader that had overtaken the leading branch after clipping. We also recorded the length of the five tallest terminal branches. Again, these branches were determined by absolute height at the terminal end of the branch, and could be a branch with an intact meristem, or a clipped branch with no meristem and no active growth. On each branch, we measured from the terminal bud (or sometimes a clipped end, if a clipping treatment had been applied at an earlier period) to the bud scar. Bud scars are easily recognizable in juvenile aspen, and the distance between the bud scar and distal end of the leader represents the current season's growth. Leaf tissue samples were stored in a plastic bag and immediately placed on dry ice for transport to the lab. Upon returning to the lab, all leaf tissues were stored at −80°C. Tissues were freeze-dried for >48 h using a Virtis Benchtop K lyophilizer (SP Scientific, Warminster, PA, USA).
After the final measurements were recorded in September 2016, all suckers were clipped at ground level for measurements of biomass. Plant tissues were stored in the lab for <7 days until they could be dried at 70°C to a stable mass (~3 days), and weighed using an analytical balance.
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Phenolic glycosides
Freeze-dried leaf tissue samples were ground and homogenized using a mixer mill with a #10 mesh screen (Wiley Mill; Thomas Scientific, Swedesboro, NJ, USA). Equal portions of leaf tissue from suckers in the same treatment group in each block were pooled together for analysis. We analyzed these tissues for a key defense compound in aspen: phenolic glycosides (salicortin and tremulacin). Phenolic glycosides were extracted from 40 mg of ground leaf tissue in 0.66 ml of methanol. Leaf tissue and methanol were combined in a 2 ml vial and vortexed for 1.5 min. Then, vials were centrifuged at 16.1 g for 1 min. The supernatant was pippeted into a separate vial. The extraction procedure was repeated twice more to produce a total of 2 ml supernatant for each extracted sample. Phenolic glycoside concentrations were quantified using high-performance liquid chromatography (Agilent 110 Series, Santa Clara, CA, USA) with a Luna 2, C18 column (150 × 4.6 mm, 5 µm) at a flow rate of 1 ml min -1 . Compound peaks were detected using a UV lamp at a wavelength of 280 nm using purified salicortin and tremulacin standards isolated from aspen leaves (St Clair et al. 2009 ).
Statistical analysis
Data exploration was conducted per the methods of Zuur et al. (2010) . Response variables included aboveground biomass, stem diameter, sucker height, average leader length and phenolic glycoside concentrations. To determine the effect of herbivory mode and timing, we fitted linear mixed effects ANCOVA models to each continuous response variable in R (R Development Core Team 2017), using the package 'lmerTest' (Kuznetsova et al. 2017) . We used the June 2015 values for each response variable as a covariate to control for initial differences between suckers. Sampling group was designated as a fixed effect with seven levels, each representing a unique combination of herbivory mode and treatment timing. Stand was specified as a random effect in the model. For all models, a series of 24 linear contrasts were applied, using the 'multcomp' package in R (Hothorn et al. 2008) to determine the discrete and interactive effects of herbivory mode and timing (Abdi and Williams 2010) (see Table 1 ). We applied a Bonferroni correction across each set of 24 linear contrasts to adjust P-values for multiple comparisons. Alpha was set at 0.05.
Results
Tolerance: stem diameter and aboveground biomass
The timing of herbivory had a pronounced effect on stem diameter ( Figure 1, Table 1 ). June and June + August treatments reduced stem diameter by~3 mm (20%) relative to the control and August-only treatment groups. The mode of herbivory did not have a significant effect on stem diameter across timing and frequency treatments. There was no apparent interaction between timing and mode treatments on stem diameter (Figure 1) . Herbivory timing had a strong effect on final aboveground biomass: June and June + August treatments each reduced the final biomass by roughly 50%, relative to the control group (Figure 1) . August treatments were not statistically different from the control group (Table 1) . Biomass did not differ significantly based on mode of simulated herbivory and there was no significant timing by mode interaction (Figure 1) .
Resistance: phenolic glycosides
Herbivory mode, timing and frequency did not significantly impact phenolic glycoside concentrations (Table 1, Figure 2 ).
Escape: height and leader length
Herbivory timing had a strong effect on sucker height. June and June + August clipping reduced sucker heights by 37% and 48% (respectively) relative to the control group, while Augustonly clipping was not statistically different from controls ( Figure 3) . Herbivory mode had a marginal effect on sucker height-clipping more negatively affected height than leaf removal (P = 0.08). Clipped trees were 36% shorter than defoliated trees by the end of the experiment (Figure 3 ). There was no significant interaction between timing and mode treatments on sucker height.
The timing of simulated herbivory influenced leader length (Figure 3 ). June and June + August treatments significantly reduced average leader length by 50% relative to the control group, while August treatments were not significantly different from the control group. Herbivory mode also impacted leader length: clipping treatments significantly reduced leader length relative to the control group but leaf removal was not significantly different from the control group (Figure 3) . There was no apparent interaction between timing and mode treatments on leader length.
Discussion
There was no evidence that the frequency or mode of herbivory affected aspen tolerance (Figure 1) . However, herbivory timing had significant effects on aspen growth-a key aspect of tolerance (Stevens et al. 2007 ). Aspen suckers were highly tolerant of August treatments, while June treatments were more detrimental. A possible explanation is that June defoliation causes suckers to invest heavily in replacing lost leaf tissue, while suckers that are defoliated later in August may simply forgo replacing lost leaf tissue and the resource investment for the remainder of the growing season. Suckers tended to replace leaves following June treatments but were not replaced following August treatments (Anson Call, personal observation). These new leaves are likely resource sinks for the first several weeks following defoliation, as they grow and develop. The cost of developing new leaf tissues and the lost opportunity to photosynthesize in the peak of the growing season is likely greater than the opportunity cost of late-season photosynthesis alone. This pattern is consistent with previous studies of herbivory timing that show herbivory during seasons of intense plant growth is most detrimental to the plant (Cook and Stoddart 1963 , Teague and Walker 1988 , Ash and McIvor 1998 . The effect of timing on aspen tolerance can also be explained by the limiting resource model of plant tolerance Abrahamson 2005, 2007) , which predicts that herbivory will be poorly tolerated when it primarily affects the capture of a plant's most limiting resource. In this case, carbon and nutrients are likely limiting resources in the early season, when water is typically plentiful. Later in the summer, conditions are much drier, and water is likely the most limiting resource. Because aboveground herbivory directly affects carbon uptake and nutrient status of the plant, and to a lesser degree plant water relations, the limiting resource model suggests that herbivory will be less tolerated in the early season due to nutrient and carbon limitation. In our experiment, the specific mode of herbivory had little impact on aspen tolerance (Figure 1 ). According to the limiting resource model Abrahamson 2005, 2007) , the type of tissue removal likely did not affect aspen's ability to capture growth-limiting resources. In this context, our result is surprising, given that defoliation removed more photosynthetic tissue than clipping. However, meristem removal severely limits future growth potential as well (Wise and Abrahamson 2008) . Defoliation maintained aspen's characteristically strong apical dominance (Wan et al. 2006 , Rinne et al. 2016 , possibly restricting the number of new shoots (and therefore new leaves) that could develop. Clipping treatments directly removed the uppermost apical meristems. Depending on sucker morphology, this could lead to a release from apical dominance and an increase in branching and production of new leaf tissue (when there was sufficient meristematic tissue remaining after clipping), or to severe stunting of growth (when few meristems remained after clipping) (Anson Call, personal observation) (Rhodes et al. 2017a ). In the latter case, it seems likely that growth was strongly curtailed by the lack of meristematic tissue, even if extensive belowground reserves from the stand root system could compensate for tissue loss. Thus, the response of suckers to the clipping treatment was likely influenced by the initial sucker morphology, which affected the proportion of Figure 1 . Estimated mean stem diameter (top) and aboveground biomass (bottom) in September 2016 (after two successive years of treatment). The significance of herbivory mode effects is indicated with capital letters: bars, or the mean value of grouped bars, not connected by the same letters are significantly different. The significance of herbivory timing effects is indicated with lowercase letters in the legend: timing treatments not connected by the same letter are significantly different. Significance is determined by using Bonferroni-corrected linear contrasts, with α = 0.05. The significance of herbivory mode effects is indicated with capital letters: bars, or the mean value of grouped bars, not connected by the same letters are significantly different. The significance of herbivory timing effects is indicated with lowercase letters in the legend: timing treatments not connected by the same letter are significantly different. Significance is determined by using Bonferroni-corrected linear contrasts, with α = 0.05.
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No previous tolerance studies of which we are aware have attempted to contrast defoliation with other types of aboveground tissue damage, while controlling for the amount of biomass removed by herbivory. However, several studies have focused on plant tolerance to different herbivory modes in other circumstances. For example, Mauricio et al. (1993) found that dispersed foliar damaged was better tolerated than concentrated foliar damage, while Blue et al. (2015) found that partial leaf removal reduced seed size, but not seed mass or plant biomass, relative to whole-leaf removal. Fay and Throop (2005) found no difference between apical damage caused by galling or clipping. Hjalten et al. (1993) found that birch (Betula pubescens Ehrh.) seedlings were more tolerant of fall removal of apical meristems than spring removal of meristems and leaves together. Together, these results suggest that the impact of herbivory mode may depend on whether differences in herbivory result in shifts in plant acquisition of limiting resources, as suggested by Abrahamson (2007, 2008) . In our experiment, clipping and defoliation seemed to have roughly equal effects on aspen tolerance.
Herbivory timing, frequency and mode had no significant effects on phenolic glycoside concentrations (Figure 2, Table 1 ). Different forms of herbivory have been shown to induce phenolic glycosides in aspen in many other studies (e.g., Mattson and Palmer 1988 , Osier and Lindroth 2004 , Stevens and Lindroth 2005 , so the lack of a significant response across all of our herbivory treatments was surprising. Based on comparisons with previous studies, the severity of our simulated herbivory treatments seemed more than sufficient to trigger chemical defense induction. For example, Stevens and Lindroth (2005) found significant differences in phenolic glycoside concentration after 75% defoliation; we estimate that treatment groups were exposed to a similar level of defoliation after two successive years of treatment. Additionally, evidence suggests that chemical defense induction can deter ungulate herbivory. Domestic sheep and elk have demonstrated a preference for aspen with lower phenolic glycoside content (Wooley et al. 2008 , Villalba et al. 2014 . Other ungulates may respond in a similar mannerdifferences in deer herbivory have been linked to aspen chemical phenotype (Lindroth and St Clair 2013) . Furthermore, insect herbivores (Stevens and Lindroth 2005) , fungal pathogens (Call and St Clair 2017) and frost defoliation (St Clair et al. 2009 ) are all known to induce chemical defense in aspen. Long-term exposure to ungulate herbivory caused changes foliar phenolic glycoside concentrations (Rhodes et al. 2017a) . Although slightly elevated phenolic glycosides in the June + August treatment groups suggest a weak treatment effect, the lack of a significant response to our simulated ungulate herbivory is surprising.
Several factors could explain why induced resistance responded unpredictably to our herbivory treatments. First, induction of phenolic glycosides is known to occur in new leaves produced by indeterminately growing branches following a defoliation event (Stevens and Lindroth 2005 , St Clair et al. 2009 , Call and St Clair 2017 . However, it is unknown whether this same type of induction occurs in leaves that are already fully developed at the time of herbivory. A second possible explanation is that our method of tissue removal did not chemically simulate natural herbivory. In our defoliation treatment, leaves were carefully plucked at the base of the petiole. Our clipping treatment caused some laminar wounding, but most leaves were wholly removed as branches were clipped from the tree. There is some evidence that complete leaf removal does not induce a Figure 3 . Estimated mean height (top) and average leader length (bottom) in September 2016 (after two successive years of treatment). The significance of herbivory mode effects is indicated with capital letters: bars, or the mean value of grouped bars, not connected by the same letters are significantly different. The significance of herbivory timing effects is indicated with lowercase letters in the legend: timing treatments not connected by the same letter are significantly different. Significance is determined by using Bonferroni-corrected linear contrasts, with α = 0.05.
Tree Physiology Volume 38, 2018 significant defense response in the remaining leaves-wounding or partial consumption of individual leaves may be necessary to trigger a strong systemic response throughout the sucker (Mattson and Palmer 1988) . Our herbivory treatments also lacked the chemical elicitors that are present in the saliva of some of aspen's insect herbivores (Havill and Raffa 1999, Stevens and Lindroth 2005) . The role of ungulate saliva in defense chemistry induction is less understood. However, one simulated herbivory experiment showed that mule deer saliva applied at the wound site did not strongly induce aspen defense chemicals including phenolic glycosides (Keefover-Ring et al. 2016) . Further research is needed to determine whether saliva or other ungulate herbivore signals can induce defense chemistry, and whether different ungulate species have different effects.
Vertical escape potential as measured by sucker height and leader length were affected by herbivory timing and marginally affected by mode, but not frequency (Figure 3) . Again, we saw that early-season herbivory had a more negative effect on sucker height than late-season herbivory. As discussed earlier, we suspect that early-season herbivory restricts plant carbon capture that rapid growth depends upon. The~30 cm height difference between defoliated and clipped suckers is surprising, given clipping has an obvious direct negative effect on sucker height, while defoliation can only affect height indirectly by limiting growth. To better understand how herbivory mode might affect aspen defense, future research could focus on identifying key differences between ungulate feeding styles. To date, no study of which we are aware has attempted to determine whether ungulate species possess unique preferences for specific aspen tissues. However, elk are known to feed on the uppermost twigs of aspen suckers during the winter months, when cattle are typically not present on aspen rangelands (Baker et al. 1997 ). This type of winter foraging is linked to regeneration failure in some areas (Baker et al. 1997 , Suzuki et al. 1999 , McCain et al. 2003 . Additionally, differences in grazer and browser feeding habits and oral dexterity are well-known (Robbins et al. 1995, Beck and Peek 2005) . These differences may enable a browser, such as deer, to take only leaf tissues, while elk or cattle may be more likely to take leaves and twigs together. Further studies are needed to experimentally test this prediction.
The percentage of apical meristems that are removed by herbivores can be a good predictor of aspen's vertical escape (Rhodes et al. 2017b ). Our study indicates that the timing of herbivory can be just as important as the severity of herbivory in preventing aspen's vertical escape. Future attempts to predict aspen regeneration success should consider not only the severity of herbivory, but also when herbivory occurs. Severe lateseason herbivory may have little effect on aspen escape, relative to low or moderate herbivory that occurs early in the growing season.
Conclusions
With dramatic changes in the abundance and composition of ungulate communities in forest systems world-wide it is critical that we better understand the impacts of ungulate herbivory on forest development and function, including aspen forests (Seager et al. 2013 , Rogers and Mittanck 2014 , Rogers et al. 2015 . This understanding is important because of the critical role that aspen play in forest development and succession across the forests of North America St Clair 2012, St Clair et al. 2013 ) and because loss of age diversity in aspen stands due to herbivory can lead to lower resistance to environmental stress (Smith et al. 2011) . While several studies have attempted to evaluate the functional similarity of different ungulate species in aspen ecosystems (Kay and Bartos 2000 , Beck and Peek 2005 , Bork et al. 2013 , Clark et al. 2017 , these studies typically focus on the degree to which each ungulate species utilizes aspen as a forage resource, and do not address the differential effects of ungulate or its timing on regeneration and recruitment outcomes. Our study suggests that understanding the mode and timing of aspen use is necessary to accurately evaluate herbivory effects on aspen defense and regeneration success.
